Bilayer sheet protrusions and budding from bilayer membranes induced by
  hydrolysis and condensation reactions by Nakagawa, Koh M. & Noguchi, Hiroshi
Bilayer sheet protrusions and budding from bilayer membranes induced by hydrolysis
and condensation reactions
Koh M. Nakagawa and Hiroshi Noguchi∗
Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
(Dated: November 8, 2018)
Shape transformations of flat bilayer membranes and vesicles induced by hydrolysis and con-
densation reactions of amphiphilic molecules are studied using coarse-grained molecular dynamics
simulations. The hydrolysis and condensation reactions result in the formation and dissociation of
amphiphilic molecules, respectively. Asymmetric reactions between the inner and outer leaflets of a
vesicle can transport amphiphilic molecules between the leaflets. It is found that the resulting area
difference between the two leaflets induces bilayer sheet protrusion (BP) and budding at low reduced
volumes of the vesicles, whereas BP only occurs at high reduced volumes. The probabilities of these
two types of transformations depend on the shear viscosity of the surrounding fluids compared to
the membrane as well as the reaction rates. A higher surrounding fluid viscosity leads to more BP
formation. The inhomogeneous spatial distribution of the hydrophobic reaction products forms the
nuclei of BP formation, and faster diffusion of the products enhances BP formation. Our results
suggest that adjustment of the viscosity is important to control membrane shape transformations
in experiments.
PACS numbers: 87.10.Tf,83.10.Rs,87.16.D-
I. INTRODUCTION
A lipid vesicle, which is one of the basic self-assembled
structures of lipid molecules, has been studied as a
minimum model of living cells. Although vesicles are
composed of only lipid molecules, they exhibit various
shape transformations such as discocyte, stomatocyte,
and starfish depending on reduced volumes and sponta-
neous curvatures [1]. These various shape transforma-
tions can be well described using the elastic theory pro-
posed by Helfrich [1, 2]. The theoretical prediction agrees
well with experiments quantitatively [3].
For the above-mentioned studies on vesicle morphol-
ogy, it is assumed that the membrane composition is
constant. However, in living cells, synthesis and decom-
position of lipids continually occur by lipid metabolism
so that the membrane composition changes. For exam-
ple, phospholipids are synthesized from fatty acids on
endoplasmic reticulum (ER) membrane [4], after which
these molecules are transported to other organelles via
vesicle transport mechanisms. Another example is hy-
drolysis of phospholipids [5, 6]. The reaction products,
diacylglycerols (DAGs), play a key role in protein kinase
C activation [7].
The effects of non-constant membrane composition on
shape transformations of cells have been studied by sev-
eral groups [8–12]. The nature of non-constant mem-
brane composition is often mimicked by hydrolysis and
condensation reactions. For example, an injection of a
hydrolase enzyme to red blood cells (RBCs) [8, 9] and
lipid vesicles [10, 11] hydrolyzes amphiphilic molecules
into hydrophilic and hydrophobic molecules. In these
∗Electronic address: noguchi.issp.u-tokyo.ac.jp
chemical reactions, amphiphilic molecules, which are
composed of hydrophilic (A) and hydrophobic (B) parts,
change as follows:
AB + H2O
 A−H + B−OH, (1)
where the right and left arrows represent the hydroly-
sis and condensation reactions, respectively. The experi-
ments demonstrate that vesicles show the various shape
transformations under these chemical reactions [8–11].
The injection of hydrolase enzyme to RBCs and lipo-
somes induces membrane invagination and rupture. Toy-
ota et al. [13] reported that discocytes transform into
tubular and invaginated shapes under the hydrolysis re-
action of amphiphilic molecules.
A possible explanation of these morphological
changes was proposed in terms of the area-difference-
elasticity (ADE) model [9]. The hydrolase enzyme is
injected from the outer solution so that the density of
the amphiphilic molecules in the outer leaflet of a vesi-
cle decreases, whereas the density of the inner leaflet is
nearly constant. Therefore, the amphiphilic molecular
densities in the inner and outer leaflets become different.
To reduce the ADE energy [1, 14] of this area difference,
liposomes and RBCs form an invagination. A similar
asymmetry in amphiphilic molecules that is induced by
chemical reactions is widely observed in vitro [15] and in
vivo [4].
However, in the previous works, the effects of the re-
sulting products (A–H and B–OH molecules in eqn (1))
are not taken into account explicitly. Instead, the effect
of these chemical reactions is taken into account implic-
itly by the change in the amphiphilic molecular densities
of the inner and outer leaflets in the ADE model. The
resulting hydrophobic molecules (B–OH) are included in
the bilayer membrane, and such inclusions modify the
elastic properties of the bilayer [16]. We have previ-
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2ously examined how such inclusions affect shape trans-
formations from an oil droplet to a bilayer membrane
by a binding reaction of hydrophobic and hydrophilic
molecules [17]. Tubular vesicles form via bicelles. The
inclusions are concentrated in the branches of the mem-
branes. The stabilization of branched structures by in-
clusions was also reported in Refs. [18, 19]. Thus, shape
transformations of membranes occur due to the presence
of the resulting hydrophobic molecules, but these shape
transformations are not fully understood.
The aim of this paper is to clarify the effect of em-
bedded hydrophobic products on shape transformations
under the hydrolysis and condensation reactions. We use
the coarse-grained molecular dynamics simulation tech-
nique, in which the hydrolysis and condensation reac-
tion processes of amphiphilic molecules are taken into
account explicitly. We will show that the shape trans-
formation strongly depends on the distribution of the re-
sulting products (B–OH) included in the bilayer. We will
also show that not only membrane invagination but also
bilayer sheet formation occur depending on the reduced
volume. The shape transformation pathway is also af-
fected by the transport coefficients of the surrounding
fluids and membrane.
In Section II, the simulation model, method, and sim-
ulation settings are described. The results are presented
in Section III, and discussions and conclusions are given
in Section IV.
II. SIMULATION METHODS
A. Model and method
We use the dissipative particle dynamics (DPD) simu-
lation technique [20–22]. In the DPD method, the parti-
cle motion is given by the following Newton’s equations
with a pairwise Langevin thermostat:
m
dvi
dt
= −∂U
∂ri
(2)
+
∑
j 6=i
(
−w(rij)vij · rˆij +
√
w(rij)ξij(t)
)
rˆij ,
with
U =
∑
i>j
Urep(rij) +
∑
bonds
Ubond(rij) +
∑
angles
Uangle(θijk),
(3)
w(rij) = γij
(
1− rij
rcut
)p
Θ
(
1− rij
rcut
)
, (4)
where vij = vi−vj , rij = ri−rj , rij = |rij |, rˆij = rij/rij ,
and Θ is the unit step function. A harmonic poten-
tial is used for the repulsive potential, i.e., Urep(rij) =
aij(1 − rij/rcut)2/2, which vanishes at the finite cut-
off rcut. The Gaussian white noise ξij(t) satisfies the
fluctuation and dissipation theorem, i.e., 〈ξij(t)〉 =
W H T
W 25 25 200
H 25 25 200
T 200 200 25
TABLE I: Repulsive interaction parameters aij with units
kBT . W, H, and T represent water, hydrophilic and hy-
drophobic particles, respectively.
0, 〈ξij(t)ξkl(t′)〉 = 2kBT (δikδjl + δilδjk)δ(t − t′), where
kBT is the thermal energy. An amphiphilic molecule
consists of hydrophilic head and hydrophobic tail seg-
ments that are represented by one and three particles,
respectively. These four particles are connected via the
bond potential Ubond(rij) = kbond(1 − rij/l)2/2 and the
angle potential Uangle(θijk) = kangle(1 − cos θijk) with
kbond = 272kBT , kangle = 60kBT , and l = 0.8rcut.
Many DPD simulations [20, 23] are carried out with
p = 2 in eqn (4) to reduce computational costs, but a
liquid phase (Schmidt number Sc & 10) is not obtained
without increasing γij up to 50
√
mkBT/rcut [24]. In-
stead, we choose p = 1/2 to increase the shear viscosity
of the DPD fluids [25]. We use the Shaldrow S1 splitting
algorithm [26] to discretize eqn (2). The multi-time-step
algorithm [24, 27, 28] is employed with the integration
time step ∆t = 0.005rcut
√
m/kBT for the conservative
forces and δt = 0.05rcut
√
m/kBT for dissipation and ran-
dom forces.
The repulsive parameters aij are listed in Table I.
The dissipative parameters γij for the same type of
particle pairs are shown in Section III. For different
types of particle pairs, a harmonic mean rule is em-
ployed, i.e., γij = 2/(1/γii + 1/γjj), to ensure the cor-
rect hydrodynamic behavior for the multi-viscosity sys-
tem [29]. A stable bilayer structure forms with bending
rigidity κ = 18.1 ± 0.4kBT and area expansion modu-
lus KA = 18.9 ± 1.1kBT/r2cut. These elastic properties
agree well with the experimental results at room temper-
ature [1, 30].
We use reduced units with rcut as the unit of length,
kBT as the unit of energy, and m as the unit of mass.
rcut is the length scale of the molecule, rcut ∼ 1 nm,
and τ = rcut
√
m/kBT is estimated to be ∼1 ns at room
temperature T ∼ 300 K. Dimensionless quantities are
denoted by ∗, e.g., t∗ = t/τ .
Several chemical reaction models combined with the
DPD method have been proposed [17, 31–33]. In this
work, we use the chemical reaction model, in which
hydrolysis and condensation reactions of amphiphilic
molecules are represented by a bond dissociation and
bond binding as shown in Fig. 1. Because the dissoci-
ated hydrophilic and hydrophobic molecules are typically
dissolved in surrounding fluids and embedded in the bi-
layer, we refer to them as the hydrophilic solute (HS)
and embedded oil (EO), respectively. The HS can have
a binding reaction to only the one end particle of the EO
(jam = 2 shown in Fig. 1). Both binding and dissocia-
3tion processes are treated as stochastic processes, as in
the polymerization model [33]. Probabilities for the bond
binding and dissociation during ∆t are given by
pdiss =
{
pf∆t (nwater > 0)
0 (otherwise)
, (5)
pbind = pr∆tΘ
(
1− rmin
rbind
)
, (6)
where pf and pr denote the transition rates of the disso-
ciation and binding reactions, respectively. nwater is the
number of water particles that exist in a sphere with a ra-
dius of 0.69rcut around a hydrophobic particle of jam = 2
connecting with a hydrophilic particle. The hydrophobic
particles of jam = 2 in the EO bind with the closest HS
by the reaction rate pr when the distances rmin between
the two particles are less than the cutoff length rbind. In
this study, rbind = rcut is used. The bond dissociation
probability relatively increases when the HS concentra-
tion is low. When the bond binding rate is equal to the
bond dissociation rate, the system reaches chemical equi-
librium.
FIG. 1: Schematic picture of hydrolysis and condensation re-
actions. For clarity, the hydrophobic particles in amphiphilic
molecules and in the EOs are colored yellow and green, re-
spectively. Both hydrophilic and hydrophobic particles have
their own ids: jam = 1 for the hydrophilic particles, and
jam = 2, 3, 4 for the hydrophobic particles.
We investigate the effects of the viscosity ηsol of the
surrounding solutions and the effective viscosity ηmb in
the membrane. The viscosity of the surrounding fluids
can be controlled by γsol = γHH = γWW. The shear
viscosity of the DPD fluids increases with increasing γ.
The shear viscosity ηsol is estimated from a simple shear
flow for the DPD fluid consisting of only W particles [24]:
η∗sol = 1.119 ± 0.004 and 5.262 ± 0.007 for γ∗sol = 2 and
24.5, respectively. The diffusion constants D of the DPD
fluids are estimated from the mean square displacement:
D∗ = 1.326 and 0.301 for γ∗sol = 2 and 24.5, respectively.
To change the effective viscosity ηmb in the membrane,
we vary γTT of the tail and EO particles: γ
∗
TT = 2 and
γ∗TT = 24.5. Thus, the DPD fluids consisting of non-
bonded tail particles have η∗mb = 1.119 and 5.262. How-
ever, the bond and angle potentials in the amphiphilic
molecules modify this simple linear viscosity. In the bi-
layer membranes, the amphiphilic molecules in the mem-
brane have two types of hydrodynamic interactions: lat-
eral interactions that give rise to 2D membrane viscosity
and the friction between two leaflets [1, 34, 35]. A greater
value of γTT yields a higher 2D viscosity and stronger
friction. However, because the EOs in the bilayer modify
both the interactions, it is difficult to quantitatively es-
timate them. Therefore, we consider only the qualitative
effects of the membrane viscosity using the viscosity ηmb
of the DPD fluid, in this study.
B. Simulation settings
All simulations are carried out in an NV T ensemble
(constant number N of particles, volume V , and temper-
ature T ) at the particle density N/V = 3/r3cut. The cubic
simulation boxes with Lx = Ly = Lz = 36rcut and 48rcut
are used for a flat membrane and vesicle, respectively.
We prepare a flat bilayer membrane with Namp = 4950
and NEO = 0. The bounce-back rule is employed at the
boundary of the simulation box along the normal (z) di-
rection to the bilayer, and periodic boundary conditions
are employed in the lateral (x, y) directions. Initially,
the HS concentrations of the fluids above and below the
membrane are c∗ = 3 and 0, respectively. Since these
two fluids do not contact each other directly, their HS
concentrations are changed only by the reactions on the
membrane.
To investigate the spatial distribution of the EOs in the
membrane in the absence of the chemical reactions, a flat
membrane with NEO = 1000 and Namp = 3950 is used.
The EOs are distributed uniformly in the bilayer mem-
brane as initial conformations, and the positions of the
EOs are fixed for the first 500τ to make the amphiphilic
molecules relax first. The position constraint of the EOs
is removed at t = 500τ . The surface density is calculated
with a spatial mesh size of rmesh = 4rcut.
We consider initially a nearly spherical vesicle and a
discocyte-shaped vesicle under periodic boundary con-
ditions in all three directions. The spherical vesicle is
formed by Namp = 17730 of amphiphilic molecules, and
Nin = 52670 particles are inside the vesicle. The disco-
cyte has Namp = 19338 and Nin = 35679. The reduced
volumes v = Vves/(4/3pi(Amb/4pi)
3/2) for the spherical
vesicle and discocyte are nearly equal to 1 and 0.5, re-
spectively, where Vves and Amb are the volume and sur-
face area of the membrane. Initial vesicles are prepared
using the methods described in Appendix A. The simu-
lation time t is set to zero when the chemical reactions
start.
In the experimental studies [8–11] shown in Section
1, the chemical environment is different inside and out-
side a vesicle. As a model of such asymmetric situa-
tions, we consider the vesicle whose inner and outer so-
lutions have different concentrations of HSs. One may
consider that the asymmetric concentration along the bi-
layer membrane causes the osmotic pressure difference.
However, the time scale of the volume change due to
4the osmotic pressure difference is much longer than the
shape transformation timescale. We will show how the
shape transformation of vesicles under the hydrolysis and
condensation reactions is changed by the concentration
difference of HSs. The initial concentration cout of HSs
outside the vesicle is set to 0. The initial concentration
cin of HSs inside the vesicle is varied to control the con-
centration difference.
III. SIMULATION RESULTS
A. Bilayer sheet protrusion from flat membrane
First, we consider the shape transformations of the
flat membrane by chemical reactions (see Fig. 2). The
HS concentration difference causes different time devel-
opments of the number of amphiphilic molecules between
the upper and lower leaflets as shown in Fig. 2(d): the
number of amphiphilic molecules Namp,up (Namp,low) of
the upper (lower) leaflet increases (decreases). On the
lower leaflet, the condensation reaction is very slow ow-
ing to the low HS concentration of the lower solution,
with the result that the hydrolysis reaction largely pro-
ceeds. The EOs are then produced at the lower leaflet
and embedded in the bilayer membrane, as indicated by
the green color in Fig. 2(a). On the other hand, the con-
densation reaction largely proceeds on the upper leaflet
owing to the high HS concentration of the upper solu-
tion, with the result that amphiphilic molecules are syn-
thesized in the upper leaflet.
The resulting asymmetric distribution of amphiphilic
molecules produces a negative surface tension in the up-
per leaflet and a positive surface tension in the lower
leaflet, so that the upper (lower) leaflet is compressed
(expanded). This compression induces a large undu-
lation of the upper leaflet. Figures 2(e) and (f) show
the time development of the surface tension Γ of the bi-
layer and maximum height h of the membrane. The sur-
face tension (mechanical frame tension) is estimated as
Γ = (Pzz − (Pxx + Pyy)/2)Lz from the stress tensor [23].
Note that Γ is the sum of two surface tensions: the sur-
face tension Γup of the upper leaflet and the surface ten-
sion Γlow of the lower leaflet. Since the hydrolysis reac-
tion is faster than the condensation reaction, 〈Namp,low〉
has a greater slope than 〈Namp,up〉 , and the total surface
tension Γ then increases (see the data at 0 < t∗ < 2000
in Figs. 2(d) and (e)). A further increase in the sur-
face tension induces the buckling of the upper leaflet into
the protrusion of a bilayer sheet (indicated by arrows in
Fig. 2(b)). We hereafter refer to this deformation as bi-
layer protrusion (BP) formation. The edge of the BP is
tongue-shaped owing to the edge line tension. Because
the line tension of the branching junction between the
BP and the bilayer is low in the high-EO-density area,
the BP grows in the high-EO-density area as shown in
Figs. 2(b’) and (b”). The surface tension Γ and maxi-
mum height h of the membrane rapidly increase during
FIG. 2: (a–c’) Sequential snapshots of a bilayer sheet pro-
trusion (BP) from a flat membrane at p∗f = 20, p
∗
r = 180,
γ∗sol = 2, and γ
∗
TT = 2. The number presents the simulation
time t∗. (a), (b), (c) Bird’s-eye view. (b’), (c’) Cross sections
of (b), (c) in front view. (b”) Only EOs of (b) are shown from
the z direction. Bold line of (b”) represents the cross section
of (b’). Time development of (d) 〈Namp,up〉 and 〈Namp,low〉,
(e) surface tension Γ , and (f) maximum height h of the mem-
brane. The error bars are calculated from eight independent
runs. Symbols are shown for several data points. Smoothed
data are shown for Γ.
BP formation at t∗ ' 2000 (see Figs. 2(e) and (f)). The
BP releases the compressive (negative) surface tension
Γup in the upper leaflet, which increases Γ.
To investigate the effects of the viscosities of the sur-
rounding fluids and membrane on the stress relaxation
timescales of BP formation, we started simulations with
different γsol and γTT values from membranes equili-
brated at the EO ratio NEO/Namp ' 0.06 by stopping
the chemical reactions. When the viscosity ηsol of the
5surrounding fluids and the effective membrane viscosity
ηmb are increased roughly fivefold by changing γsol and
γTT, BP formation is delayed by 400τ and 800τ , respec-
tively (see Fig. 3). This larger delay shows that the vis-
cosity in the membrane has a stronger influence on BP
formation.
 10
 20
 0  2000  4000  6000
<
h*
>
t*
(b)
γ*sol = γ*TT = 2
γ*sol = 24.5, γ*TT = 2
γ*sol = 2, γ*TT = 24.5
 0
 2.5
 5
<
Γ*
>
(a)
γ*sol = γ*TT = 2
γ*sol = 24.5, γ*TT = 2
γ*sol = 2, γ*TT = 24.5
FIG. 3: Time development of (a) the surface tension Γ and
(b) maximum height h of membrane for different viscosities.
The error bars are calculated from eight independent runs.
Symbols are shown for several data points. Smoothed data
are shown for Γ.
In our simulation, the EOs are inhomogeneously dis-
tributed in the membrane. To clarify whether this EO
inhomogeneity is generated thermodynamically or kinet-
ically, we simulate the equilibrium flat membrane in the
absence of chemical reactions. Figure 4 shows the time
development of the surface density inhomogeneity δnEO
of the EOs. The distribution of the EOs becomes inho-
mogeneous even if their initial distribution is uniform.
The EOs self-assemble into several clusters in the bi-
layer membrane (see Fig. 4(b)). Thus, this inhomogene-
ity exists in thermal equilibrium. The relaxation time
τinhomo from uniform to nonuniform spatial EO distri-
butions depends on the diffusion constant DEO of the
EOs. Under faster EO diffusion, δnEO reaches equilib-
rium more rapidly (see Fig. 4(c)). This inhomogeneous
nature is related to the orientational order of the bilayer
membranes [17]. The orientational order of amphiphilic
molecules is disturbed by the contacted EOs.
B. Morphological changes at v ' 1
Next, we consider the shape transformations of a vesi-
cle at v ' 1 and c∗in = 3 (see Fig. 5). This concentration
difference causes the transport of amphiphilic molecules
from the outer leaflet to the inner leaflet as in the flat
membrane (see Fig. 5(e)).
We estimate the surface tension Γin of the inner leaflet
in the following manner. Since vesicles before shape
FIG. 4: Time development of δnEO of flat membrane for dif-
ferent DEO values. Position restraints of EOs are removed
at t = 500τ . Two snapshots represent only EOs in the bi-
layer membrane for γ∗TT = 2. The left snapshot shows that
EOs are uniformly distributed in the bilayer membrane. The
right snapshot shows the inhomogeneous distribution of EOs.
The error bars are calculated from three independent runs.
Symbols are shown for several data points.
transformations are nearly spherical because v ' 1, the
surface tension Γin of the inner leaflet is approximately
estimated as
Γin = KA
4pi(Rves − hneut)2 −Namp,ina0
Namp,ina0
, (7)
where a0 = 0.52r
2
cut is the area per lipid molecule in the
tensionless membrane, Rves is the radius of the vesicle,
and hneut = 0.9rcut is the distance between the inner
leaflet neutral surface and the bilayer mid-plane. The
negative surface tension of Γin induces the buckling of
the inner leaflet, leading to the formation of multiple BPs
(indicated by arrows in Fig. 5(c)). This BP formation
process can be captured by the time development of the
standard deviation of the bilayer thickness δd (the cal-
culation method is described in Appendix B) as shown
in Fig. 5(g). During the undulation, δd gradually in-
creases, and after the buckling starts, δd rapidly increases
at t∗ > 1500.
BP formation depends on the initial HS concentra-
tion cin inside the vesicle as shown in Fig. 6. As cin in-
creases, the reaction rate dNamp,in/dt increases, whereas
dNamp,out/dt shows little dependence. BP formation be-
comes faster with increasing cin as a result of the increase
in dNamp,in/dt. BP formation occurs everywhere except
at c∗in = 0. Thus, the synthesis of amphiphilic molecules
6FIG. 5: (a–d) Sequential snapshots of vesicle at v ' 1, p∗f =
80, p∗r = 160, c
∗
in = 3, γ
∗
sol = 2, and γ
∗
TT = 18. The numbers
present the simulation time t∗. The front halves of the vesicles
are not displayed to show the inner structures of the vesicle.
(e–g) Time development of (e) 〈Namp,in〉 and 〈Namp,out〉, (f)
surface tension 〈Γin〉 of inside monolayer calculated by eqn (7),
and (g) thickness inhomogeneity 〈δd〉. The error bars are
calculated from eight independent runs. Symbols are shown
for several data points.
and the resulting negative surface tension of the inner
leaflet are necessary for BP formation.
As shown in the flat membrane simulation in Sec-
tion III A, the BPs protrude from the EO clusters (Figs. 2
(b’) and (b”)). Thus, these clusters accelerate BP forma-
tion. Hence, we next examine the spatial inhomogeneity
of the EOs in the bilayer membrane and its relation with
BP formation. The spatial inhomogeneity of the EOs is
determined by two processes: the synthesis and diffusion
-3
-2
-1
 0
 1
 0  1  2  3
<
dN
a
m
p,
 α
/d
t*>
c*in
<dNamp, in/dt*)>
<dNamp, out/dt*>
BPno BP
FIG. 6: Reaction rates of amphiphilic molecules in each leaflet
as a function of the initial concentration c∗in inside the vesicle
at γ∗sol = γ
∗
TT = 2, p
∗
f = 80, and p
∗
r = 160. BPs form at
c∗in = 0.854, 1.71, 2.56, and 3. The vertical dotted line serves
as a guide for the eye for the threshold of BP formation.
of the EOs. The synthesis of the EOs occurs uniformly
on the outer leaflet, leading to a homogeneous EO distri-
bution. The characteristic timescale τhomo of this process
is the reciprocal of the EO synthesis speed. On the other
hand, the EOs in the bilayer membrane self-assemble into
several clusters, and thus the spatial distribution of the
EOs becomes inhomogeneous as discussed in the case of
the flat membrane. This characteristic timescale τinhomo
of the EO assembly into clusters decreases (increases)
for faster (slower) diffusion of the EOs. The relationship
between these two timescales τhomo and τinhomo affects
the inhomogeneity of the EOs. When τhomo > τinhomo,
the EOs self-assemble into clusters rapidly, but other-
wise they remain close to the uniform distribution. We
confirm this tendency by simulations in which τinhomo
is varied by changing the diffusion constant DEO of the
EOs. Figures 7(a) and (b) show the time development
of the mean surface density of the EOs nEO and its in-
homogeneity δnEO(t), which is defined as the standard
deviation of the surface density of the EOs, for differ-
ent DEO values. The EO density is calculated by using
a bin of solid angle ω = 16a0/(4piR
2
ves) in the spherical
vesicle. The time development of nEO(t) is not affected
by the change in DEO, as shown in Fig. 7(a), so that
τhomo does not depend on DEO. On the other hand,
the time development of δnEO clearly depends on DEO
at the late stage t∗ ∈ [1000, 1800]. In the beginning of
the chemical reaction (at t∗ < 1000 in Fig. 7(b)), the
spatial inhomogeneity, δnEO, decreases as the EOs are
synthesized. For fast diffusion 1/D∗EO = 0.75, the EOs
form clusters, and δnEO increases at t
∗ ∈ [1000, 1800].
Thus, τhomo > τinhomo is satisfied. However, for slow dif-
fusion, 1/D∗EO = 2.12 and 3.33, the EOs are uniformly
distributed even at t∗ ∈ [1000, 1800], and the cluster for-
mation occurs at later stages.
More BPs form at slower diffusion and faster reactions
as shown in Fig. 8. At small values of the diffusion con-
stant DEO, slower EO cluster formation delays BP for-
mation. Since the synthesis rate of EOs does not depend
7 0.5
 0.9
 500  1000  1500
<
δn
EO
 
/ n
EO
>
t*
(b)1/D*EO = 0.75
1/D*EO = 2.12
1/D*EO = 3.33
 0
 0.5
 1
<
n
* EO
>
(a)1/D*EO = 0.75
1/D*EO = 2.12
1/D*EO = 3.33
FIG. 7: Time development of (a) the average 〈nEO〉 and (b)
standard deviation 〈δnEO/nEO〉 of the surface density of EOs
for various DEO values at p
∗
f = 80, p
∗
r = 160, and γ
∗
sol = 2.
γ∗TT is varied from 2 to 24.5 to change DEO. The error bars are
calculated from eight independent runs. Symbols are shown
for several data points.
 1
 3
 5
 0.5  1.5  2.5  3.5
<
N
BP
>
1/D*EO
p*f = 5, p*r = 10p*f = 80, p*r = 160
FIG. 8: Number NBP of BPs as a function of 1/DEO for two
reaction rate settings of pf and pr at γ
∗
sol = 2. The error bars
are calculated from six independent runs.
on the DEO as shown in Fig. 7 (a), the number of EOs at
the BP formation increases at lower DEO. At high reac-
tion rates p∗f and p
∗
r , the surface tension decreases more
rapidly. In both cases, at BP formation, the larger num-
ber of EO clusters exist in the bilayer membrane, and the
membrane is under a greater compressive tension. This
leads to the formation of more BPs at the same time
instead of a single large BP.
After the BP formation, the BP bends and subse-
quently transforms into a spherical vesicle as shown in
Fig. 9 for small number NBP of BPs. Since the initial
shape of the BP is a nearly flat disk, this shape transfor-
mation can be understood as the shape transformation
FIG. 9: (a–c) Sequential snapshots of shape transforma-
tion from the flat BP disk to the vesicle at v ' 1, p∗f = 80,
p∗f = 160, c
∗
in = 3, γ
∗
sol = 2, and γ
∗
TT = 2. Cross-sectional
images are shown. In the right panels, the membrane inside
the vesicles are extracted from the left panels. The number
presents the simulation time t∗.
from a flat bilayer disk to a spherical vesicle. This type
of shape transformation is described by the theory by
Fromherz [36]. Large flat bilayer disks are energetically
unstable at Amb > 16pi[(2κ + κ¯)/Γedge]
2, where Γedge,
Amb, and κ¯ are the edge line tension, area, and saddle-
splay modulus of the membrane, respectively. Therefore,
the sufficiently grown flat BP spontaneously transforms
into the spherical vesicle. At a large number NBP of BPs,
the contacts between the BPs prevent the shape trans-
formation to the spherical shapes; thus the BPs remain
flat.
C. Morphological changes at v ' 0.5
Next, we consider the shape transformations at a low
reduced volume, v ' 0.5. The initial shape is discocyte
(see Fig. 10(a)). The same settings as in Section III B
are considered: the HS concentration is different inside
and outside the vesicle. Thus, the hydrolysis and con-
densation reactions mainly occur on the outer and inner
leaflets, respectively.
For the low reduced volume, large low-wavelength fluc-
tuations of the bilayer are permitted unlike for v ' 1,
leading to a different type of shape transformation, bud-
8ding into a stomatocyte. Figure 10 shows the typical
shape transformation. As the hydrolysis and conden-
sation reactions proceed, a dimple invagination forms
(Fig. 10(b)), and eventually the discocyte transforms into
a stomatocyte (see Figs. 10(c) and (d)). A decrease and
increase in the amphiphilic molecular densities of the
outer and inner leaflets, respectively, cause an effective
negative spontaneous curvature according to the ADE
model so that the inner bud is stabilized. After the bud-
ding, a further increase of amphiphilic molecular density
of the inner leaflet causes BP formation, as in the v ' 1
case.
FIG. 10: Sequential snapshots of bud formation at γ∗sol =
γ∗TT = 2, p
∗
f = 20, p
∗
r = 180, and c
∗
in = 3. Cross-sectional
images are shown.
In order to clarify the relationship between shape
transformations and chemical reactions, we calculate
the time development of the asphericity αsp [37]
(Fig. 11(a)), and the amphiphilic molecular number dif-
ference, ∆Namp = Namp,out −Namp,in between the inner
and outer leaflets (Fig. 11(b)). The asphericity is the de-
gree of deviation from a spherical shape and is defined as
αsp = [(λ1−λ2)2+(λ2−λ3)2+(λ3−λ1)2]/2(λ1+λ2+λ3)2,
where λ1, λ2, and λ3 are the eigenvalues of the gyration
tensor of the vesicle. It can distinguish the stomatocyte
(αsp ' 0) and the discocyte (0.15 . αsp . 0.25) [38].
When the chemical reaction process speeds up by increas-
ing pf and pr, the shape transformation also speeds up
(from p∗f = 1, p
∗
r = 9 to p
∗
f = 20, p
∗
r = 180 in Fig. 11(a)).
As the chemical reactions proceed, ∆Namp linearly de-
creases in time, but αsp nonlinearly decreases. This rapid
change corresponds to the shape transformation from the
discocyte to the stomatocyte.
Interestingly, BP formation without budding occurs
when the viscosity ηsol is increased (see Fig. 12). Initially,
the bilayer bends inward (Fig. 12(b)) as in the budding,
but these invaginations transform into BPs (Figs. 12(c)
and (d)).
In order to distinguish the two types of shape trans-
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FIG. 11: Time development of (a) asphericity 〈αsp〉, (b) am-
phiphilic molecular number difference 〈∆Namp〉 between the
inner and outer leaflets at c∗in = 3, γ
∗
sol = 24.5, and γ
∗
TT = 2.
The error bars are calculated from eight independent runs.
Symbols are shown for several data points.
FIG. 12: Sequential snapshots of BP formation without bud-
ding at γ∗sol = 24.5, γ
∗
TT = 2, p
∗
f = 5, p
∗
r = 45, and c
∗
in = 3.
Cross-sectional images are shown.
formations (budding (Fig. 10) and BP formation with-
out budding (Fig. 12)), we calculate the bilayer thick-
ness inhomogeneous δd during shape transformation from
αsp ' 0.14 to αsp ' 0 (see Fig. 13). For BP formation,
δd is diverged when αsp changes from 0.14 to 0.025. For
bud formation, δd is not diverged. We set δdth = rcut
as the threshold value to determine the divergence of the
thickness inhomogeneity δd. When δd > δdth is satisfied
from αsp ' 0.14 to αsp ' 0, this shape transformation is
9regarded as BP formation.
 0.7
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FIG. 13: Time development of (a) asphericity αsp and (b) bi-
layer thickness inhomogeneity δd at c∗in = 3, p
∗
f = 5, p
∗
r = 45,
γ∗sol = 24.5, and γ
∗
TT = 2. Blue and red lines represent bud-
ding and BP formation without budding, respectively. Sym-
bols are shown for several data points.
Using this threshold of δd, we construct the dynamic
phase diagram of the shape transformations as shown in
Fig. 14 for different ηsol values. At each data point, we
carry out eight independent runs. If the number of BP
transformations without budding is more than four at
one point, the shape transformation is regarded as BP
formation without budding.
The shape transformation pathway depends on not
only d∆Namp/dt but also on dNEO/dt as shown in
Fig. 14(a). As mentioned in Section III B, BP forma-
tion is strongly affected by the spatial distribution of the
EOs. If the EOs are not sufficiently synthesized, the re-
sulting shape transformations are budding (low dNEO/dt
in Fig. 14(a)) because a few EOs do not form clusters in
the bilayer. When the EO synthesis rate increases, the
EOs self-assemble into clusters in the bilayer, so that BP
formation occurs. Thus, EO synthesis dramatically af-
fects the resulting shape transformation.
However, at low viscosity ηsol, BP without budding
does not occur, as shown in Fig. 14(b). In this case,
the bud formation timescale is shorter than the timescale
τinhomo of the EO cluster formation. The area compres-
sive stress caused by the chemical reactions is released via
bud formation before BP formation starts. As pointed
out by Sens [39], the surrounding solution that has high
viscosity suppresses bud formation. This suppression of
bud formation enhances BP formation. As mentioned in
Section III A, BP formation is more slowed by the mem-
brane viscosity. Thus, compared to budding, BP forma-
tion more frequently occurs at low membrane viscosity
ηmb and high solution viscosity ηsol.
 1
 2
 3
 1  2
dN
EO
/d
t*
d∆Namp /dt*
(b) γ*sol = 2 budding
 1
 2
 3
dN
EO
/d
t*
(a) γ*sol = 24.5 budding
BP
FIG. 14: Dynamic phase diagram of shape transformations
at (a) γ∗sol = 24.5 and (b) γ
∗
sol = 2 for γ
∗
TT = 2.
IV. DISCUSSIONS AND CONCLUSION
In this paper, we have shown the membrane shape
transformations induced by hydrolysis and condensation
reactions. We use the coarse-grained molecular simula-
tion technique in which the hydrolysis and condensation
reactions are taken into account explicitly by the bond
dissociation and binding. The asymmetric chemical con-
ditions, which are widely observed both in vitro and in
vivo, cause the transport of amphiphiles between outer
and inner leaflets leading to the BP formations. The
growth process of BPs strongly depends on the EO den-
sity inhomogeneity that is determined by the competition
between two different dynamics: diffusion of EOs and
synthesis of EOs. At the faster EO diffusion compared
to the EO synthesis, fewer BPs form. At a low reduced
volume, budding transformation also occurs. The shape
transformation pathway is affected by the EO synthesis
rate and the shear viscosity of the surrounding solution.
By increasing the solution viscosity ηsol while keeping the
membrane viscosity ηmb constant, bud formation is sup-
pressed so that BP formation is enhanced. In the bud-
ding, the membrane mainly moves normal to the mem-
brane surface, but sliding between two leaflets occurs in
BP formation. Thus, the viscosity of the surrounding
fluids affects budding more than it does BP formation,
while the viscosity in the membrane affects BP formation
more.
Since the BPs transform into small spherical vesicles, it
may be difficult to distinguish them from the buds formed
by the budding process by optical microscopy. However,
the inside of the small vesicles is filled with the solution
originally inside of the vesicles, while the inside of the
buds is filled with the outer solution. Thus, it can be
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experimentally identified by labeling the inner or outer
solution.
Similar shape transformations in BP formation are
observed in the Langmuir monolayer in both experi-
ments [40, 41] and simulations [42]. The compression
leads to a collapse of the Langmuir monolayer into a bi-
layer sheet. The formed bilayer sheet finally transforms
into the spherical vesicle [42, 43], which is also similar
to the shape transformation in our simulations. Other
experiments, in which bilayer vesicles are composed of
SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine),
C16:0-SM (N-palmitoyl-sphingomyelin), and Bodipy-
sphingomyelin (a fluorescent tracer), show the invagina-
tion of vesicles under the injection of the enzyme sphin-
gomyelinase [11]. Ceramide, which is produced by the hy-
drolysis of SM, segregates into a domain in the membrane
and causes the invagination of vesicle. We expect that
such a domain helps BP formation in the inner leaflet of
the vesicles.
Our results show that the relative viscosity ratio of the
membrane and surrounding fluids is significant in deter-
mining budding or BP formation. We believe that two
competing shape transformations accompanied by lateral
and normal membrane motions are generally controlled
by the viscosity ratio; the former and latter dynamics
are slowed down by increases in viscosities of membrane
and surrounding fluids, respectively. Fournier et al. [44]
reported that higher friction between two leaflets slows
down membrane tubulation. Thus, we expect a similar
tendency in budding and tubulation. Recently, Fujiwara
and Yanagisawa [45, 46] reported that vesicles containing
high concentrations of macromolecules undergo bud or
tube formation depending on the viscosity of the inner so-
lution; the membrane tube formation appears at the high
viscosity, otherwise, bud formation appears. The slow
elastic relaxation due to the high viscosity suppresses the
bud formations, and enhances the tube formations. We
consider that the viscosity ratio of membrane and sur-
rounding fluids is also important in their experiments as
well as the viscosity ratio of the inner and outer fluids.
Although we focused on the effects of the viscosity ra-
tio here, the static membrane properties, bending rigidity
and edge line tension, also modify the shape transforma-
tions. Large bending rigidity and/or small edge tension
suppress the transition from the BP to the spherical vesi-
cle. Small edge tension likely also enhances the BP for-
mation owing to the reduction of the nucleation energy.
The bending rigidity can be reduced by EOs [17], and
the edge tension can be reduced by the addition of cone-
shape surfactant molecules.
In living cells, lipid droplets are formed on the ER
membrane [4]. The hydrophilic segments of the lipids are
removed by chemical reactions. These reactions are sim-
ilar to the hydrolysis reaction in our simulation. The re-
sulting hydrolyzed hydrophobic molecules assemble into
clusters in the bilayer membrane. We expect that a
similar cluster formation plays a role in the initial lipid
droplet formation.
In this work, the rupture of the vesicles is not observed
due to the high edge line tension of the bilayer. However,
in the experiments conducted by Riske et al. [12], the
rupture of liposomes occurs as a result of the injection
of hydrolase enzyme. The coupling of the asymmetri-
cal amphiphilic molecular density and membrane rupture
causes the inside-out inversion [47]. Under low edge ten-
sion, competition between ruptures and BP formation
may occur.
Here, we only consider amphiphilic molecules that form
the bilayer. Chemical reactions can change the shape of
amphiphilic molecules from cylinder to cone or inverted-
cone shapes. In the experiments by Suzuki et al. [15], the
molecular assembly changes their shapes from tubular
micelles to vesicles. In the future, it will be interesting
to investigate the molecular mechanism of these shape
transformations involving non-bilayer structures.
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Appendix A: Preparation of vesicles
We prepare the spherical vesicles in the following man-
ner. First, a spherical-cap-shaped bilayer membrane is
centered in the simulation box, and then the system is
equilibrated during 500τ ∼ 2500τ . A closed spherical
membrane is thus obtained. Some water particles inside
the vesicle are then ejected to tune the reduced volume
v. After that, the system is equilibrated for 5000τ . For
these system equilibrations, we use γ∗ij = 2 to speed up
the equilibration processes. The system is then again
equilibrated for 3000τ using the same setting γij as for
the production runs. After the above-mentioned equili-
bration processes, we turn on the chemical reactions.
Appendix B: Calculation of thickness of vesicles
We calculate the bilayer thickness d of vesicles from
the two layers of the hydrophilic particles. First, we ex-
tract the positions of hydrophilic particles in the bilayer
membrane. Next, we carry out a clustering analysis us-
ing depth-first search with search radius rs = 0.25rcut.
Two sets (clusters) of hydrophilic particles are obtained
in most cases before the large shape deformations: One
is the head-group of the inner leaflet, and the other is
the head-group of the outer leaflet. We define the local
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bilayer thickness as
d(i) = min
j∈Cout
rij (for i ∈ Cin), (B1)
where Cin and Cout are the sets of hydrophilic particles in
the inner and outer leaflets, respectively. The membrane
thickness d is defined as the mean value of d(i). The
thickness inhomogeneity δd defined as
δd =
√
1
n(Cin)
∑
i∈Cin
(d(i)− d)2, (B2)
where n(Cin) is the number of particles included in the
inner leaflet.
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